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Background: Anti-factor D antibody blocks a rate-limiting step in the alternative complement pathway.
Results: The structure of anti-factor D in complex with factor D provides the molecular basis of complement inhibition.
Conclusion: Anti-factor D binds to the factor D exosite and inhibits alternative pathway complement activation.
Significance: Targeting the exosite on proteases could have great potential for antibody therapies.

By virtue of its amplifying property, the alternative comple-
ment pathway has been implicated in a number of inflammatory
diseases and constitutes an attractive therapeutic target. An
anti-factor D Fab fragment (AFD) was generated to inhibit the
alternative complement pathway in advanced dry age-related
macular degeneration. AFD potently prevented factor D (FD)-
mediated proteolytic activation of itsmacromolecular substrate
C3bB, but not proteolysis of a small synthetic substrate, indicat-
ing thatAFDdidnot block access of the substrate to the catalytic
site. The crystal structures of AFD in complex with human and
cynomolgus FD (at 2.4 and 2.3 Å, respectively) revealed the
molecular details of the inhibitory mechanism. The structures
show that theAFD-binding site includes surface loops of FD that
form part of the FD exosite. Thus, AFD inhibits FD proteolytic
function by interfering with macromolecular substrate access
rather than by inhibiting FD catalysis, providing the molecular
basis of AFD-mediated inhibition of a rate-limiting step in the
alternative complement pathway.

Complement activation is an innate defensemechanism that,
whenuncontrolled, leads to inflammation and local tissue dam-
age. Both gain- and loss-of-function SNPs in genes of the alter-
native complement pathway control risk of age-relatedmacular
degeneration. The presence of SNPs in the complement path-
way is further associated with increased plasma levels of com-
plement proteins Ba, C3a, C5a, and factor D (FD)3 and with the
incidence of intermediate and advanced age-related macular
degeneration (1–4). Because of a strong genetic andpathophys-
iological link between alternative complement pathway activa-

tion and age-related macular degeneration, the past years have
seen an increase in the number of therapeutics that target the
complement pathways in this disease. Inhibitors that target
complement pathway convertases are currently in preclinical
development or in clinical trials (5).
FD is responsible for conversion of the alternative pathway

proconvertases C3bB and C3b2B to form the active C3 conver-
tase C3bBb or the C5 convertase C3b2Bb. Moreover, FD is a
rate-limiting enzyme of the alternative complement pathway
and has the lowest concentration in plasma among all comple-
ment proteins (6). Therefore, targeting FD with a neutralizing
anti-FD antibody is a promising therapeutic strategy to inhibit
alternative complement activation for treatment of age-related
macular degeneration. In addition to inhibiting the alternative
pathway, an anti-FD antibody indirectly also blocks classical
andmannose-binding lectin pathways, as amplification of these
pathways depends on alternative pathway convertase activa-
tion (7, 8). The low concentration of FD in blood is maintained
by an extremely rapid catabolic rate (6, 9, 10). Systemic treat-
ment with blocking anti-FD antibodies would require very high
dosing to overcome the high turnover rate (11). Therefore, we
generated an anti-FDFab fragment (AFD) for inhibition of local
complement activation in the eye.
AFD is an Escherichia coli-expressed, humanized Fab frag-

ment derived from monoclonal antibody (mAb) 166-32 (11–
13).mAb 166-32 inhibits complement activation in serum from
human andnon-humanprimates andhas been shown to reduce
complement and leukocyte activation in a baboon model of
cardiopulmonary bypass surgery (14). mAb 166-32 binds
human and cynomolgus FD and is a potent and selective inhib-
itor of the alternative complement pathway in human and non-
human primate sera (13). Humanization was performed by
grafting the complementarity-determining regions of mAb
166-32 on human germ line framework regions. Minimal
framework changes were required in the variable regions to
retain high-affinity binding of AFD to FD. So far, it is unclear
how AFD inhibits FD activation.
The structural, biophysical, and biochemical studies

described herein provide a detailed insight into the molecular
mechanism by which AFD interferes with FD-dependent com-
plement activation. AFD binds to an exosite region that is
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remote from the catalytic center of FD. As a result, AFD does
not impair catalysis of a small synthetic substrate, but it
potently inhibits binding and activation of the macromolecular
substrate C3bB, leading to efficient attenuation of alternative
complement pathway activation and its amplification.

EXPERIMENTAL PROCEDURES

Antibodies—Hybridoma 8E2 was generated by immunizing
mice with recombinant human FD using a previously described
immunization method (15). Fab fragments were generated by
papain digestion as described by the manufacturer (Pierce). To
generate AFD, mAb 166-32 (12) was humanized on a human
kappa I subgroup variable domain for the light chain, with one
mouse framework residue carried over (Val at residue 4). The
heavy chain was humanized on a human VH7 subgroup vari-
able domain with one mouse framework residue included (Pro
at residue 9). The N-terminal Gln was changed to Glu to
remove potential for pyro-Gln formation. The Fab fragment of
an antibody directed against hepsin was used as a control (con-
trol Fab) (16).
C3 Convertase and Hemolysis Assay—The convertase assay

mixture consisted of 0.1% gelatin Veronal buffer and 10 mM

MgCl2 with complement proteins FD (0.125 �M), factor B (FB)
(0.5 �M), and C3b (0.5 �M) and antibodies (AFD, 8E2, and con-
trol Fab). C3bwas generated as described (15). Ten�l of FD (0.5
�M) and 10 �l of AFD, 8E2, or control Fab (2 �M or a concen-
tration range) were mixed for 15 min. Ten �l of FB (2 �M) and
10 �l of C3b (2 �M) were added to the FD/AFD mixture and
incubated for 30 min at 37 °C. Forty �l of Laemmli buffer was
added to stop the reaction. Samples were boiled for 5 min and
run on a Novex 4–20% Tris/glycine-polyacrylamide gel for
1.5 h at 125 mV (SeeBlue2 molecular mass marker). Gels were
stained for 1 h with SimplyBlue SafeStain, washed overnight
with double-distilled water, and dried between Cellophane.
The hemolysis assay was performed as described (17).
Biacore Analysis—Binding analysis was performed on a Bia-

core 3000 instrument. C3b was amine-coupled to a CM5 chip
following the manufacturer’s recommendation. The CM5 chip
was activated with N-hydroxysuccinimide and N-ethyl-N�-(di-
methylaminopropyl) carbodiimide (flow rate of 5 �l/min, 30
�l). C3b (50�g/ml) was flowed at 5�l/min and 20�l to achieve
7300 final resonance units. FB, FD, AFD, and 8E2 Fab fragment
proteins and antibodies were buffer-exchanged using a HiTrap
desalting column (GE Healthcare) in assay buffer (Veronal
buffer, 1 mM NiCl2, and 0.05% surfactant P-20). Binding assays
used the “co-inject” mode in the Biacore instrument. One �M

FB was injected (flow rate of 30 �l/min, 90 �l), followed by
co-injecting a mixture of 1 �M FB and FD(S195A) (2-fold dilu-
tions, FD(S195A) concentration range of 15.6 nM to 4.0 �M,
flow rate of 30 �l/min, 90 �l), and then allowed to dissociate in
assay buffer for 5 min. The Biacore chip was regenerated by
three 1-minwasheswith 3MNaCl in 50mM sodiumacetate (pH
5.0) and re-equilibrated for 5 min with assay buffer. To deter-
mine the effect of AFD on binding to the proconvertase, the
same C3b-coated CM5 chip was used. FB, FD, AFD, and 8E2
Fab fragment proteins and antibodies were buffer-exchanged
using aHiTrap desalting column in assay buffer. Binding assays
used the “co-inject”mode. One�MFBwas injected (flow rate of

30�l/min, 90�l), followedby co-injecting amixture of 1�MFB,
1 �M FD, and different concentrations of antibodies (flow rate
of 30 �l/min, 90 �l), and then allowed to dissociate in assay
buffer for 5 min. The chip was regenerated with three 1-min
washes with 3 M NaCl in 50 mM sodium acetate (pH 5.0) and
re-equilibrated for 5 min with buffer.
FD Expression and Purification—Cynomolgus pro-FD was

cloned using a cynomolgus lung cDNA library and primers
directed to the 5�- and 3�-ends of human FD. The cDNAs of the
entire pro-FD open reading frames of human and cynomolgus
FD were cloned into a pRK expression vector and expressed in
CHO cells. An affinity column was prepared by coupling
anti-FD Ab 8E2 to Affi-Gel 10 (Bio-Rad). Unreacted sites were
blocked with ethanolamine. The harvested transient superna-
tants were applied to the 8E2 affinity column, washedwith PBS,
eluted with 0.1 M acetic acid, neutralized with 1.5 M Tris (pH
8.6), and dialyzed into 20 mM HEPES (pH 7.2) and 200 mM

NaCl. Characterization of the purified proteins confirmed
intact, monomeric, �98% pure FD with the signal peptide and
propeptide fully processed. The final protein samples were in
10mMHEPES (pH7.2) and 140mMNaCl . AFDwas provided in
lyophilized form and reconstituted with water. The resulting
solution was 50 mg/ml protein in 40 mM histidine hydrochlo-
ride, 20 mM sodium chloride, 180 mM sucrose, and 0.04% (w/v)
polysorbate 20 (pH 5.4).
Crystallization—Human FD protein and AFD were mixed at

a 1:1 ratio and purified on a Superdex 200 column pre-equili-
bratedwith 20mMHEPES (pH7.2) and 200mMNaCl. The peak
fractions containing the complex were pooled, concentrated to
30 mg/ml, and used in a crystallization trial. Crystals were
grown at 4 °C using the sitting drop vapor diffusion method.
The crystallization buffer containing 0.1 M Tris-HCl (pH 8.5),
0.2 M ammonium phosphate, 50% 2-methyl-2,4-pentanediol,
and 0.01 M hexamine cobalt(III) chloride was mixed in an equal
volumewith the protein solution. Crystals appeared after 6 days
and belonged to space group P43212. The crystals were flash-
frozen in liquid nitrogen. A 2.4 Å data set was collected at Stan-
ford Synchrotron Radiation Lightsource on beamline 9-2. The
cynomolgus FD-AFD complex was purified following the same
protocol as described above. Crystals used in the structure
determination were grown at 19 °C in 0.1 M MES (pH 6.5), 25%
PEGmonomethyl ether 550, 0.01 M zinc sulfate, and 3% 6-ami-
nohexanoic acid using the sitting drop vapor diffusion method
andmixedwith an equal volume of protein solution (20mg/ml)
and mother liquor. The crystals appeared after 1 day and
belonged to space group C2. The crystals were dipped in artifi-
cial mother liquor containing 10% glycerol and flash-frozen in
liquid nitrogen. A 2.1Å data set was collected at Stanford Syn-
chrotron Radiation Lightsource beamline 9-2. Structures were
solved using the program Phaser (18), the model was manually
improved using the program Coot, and refinement was done
with REFMAC and BUSTER (19). The buried surface in the
AFD-FD complex (supplemental Table S2) was determined by
first calculating the surface area of each residue in the two
structures (FD and AFD) separately and then calculating the
surface that is accessible in the complex. The difference shows
how much of the surface of each residue is buried in the inter-
face. Figures were made using the program PyMOL (39).
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RESULTS

AFD Inhibits Proconvertase Activation, but Not Esterolytic
Activity—AFD efficiently blocked FB cleavage and the forma-
tion of a C3 convertase (Fig. 1, A and B). AFD also inhibited

amplification of the complement response in human serum
(Fig. 1C). In contrast, 8E2, a Fab fragment of an antibody that
binds to FD, did not inhibit FD proteolytic activity even at the
highest concentration tested.
AFD did not decrease the proteolytic conversion of the

thioester substrate thiobenzyl benzyloxycarbonyl-L-Lysinate
(Z-lys-SBzl) ester by FD (20), indicating that FD thioesterolytic
activity is not inhibited by AFD (supplemental Fig. S1). Rather,
AFD enhanced the kinetics of the enzymatic reaction, whereas
antibody 8E2 did not affect the enzymatic activity of FD. This
indicates that AFD does not prevent small substrates from
accessing the FD catalytic site. The unexpected increase in thio-
esterolytic activity following AFD binding maybe explained by
stabilization of the active site, facilitating proteolysis of small
substrates, but further analysis needs to be performed to con-
firm this. Thus, AFD binds to an epitope on FD that is impli-
cated in proteolytic conversion of itsmacromolecular substrate
C3bB, in human serum.
AFD Blocks Binding of FD to C3bB—Because AFD did not

affect access of small substrates to the FD active site but effec-
tively inhibited proteolysis of its macromolecular substrate, we
employed surface plasmon resonance to determine whether
AFD blocks alternative pathway complement activation by
interferingwith FDbinding toC3bB.To establish binding of FD
to C3bB, a constant amount of FB was injected onto immobi-
lized C3b. This was followed by injection of a dilution series of
FD(S195A), which is unable to cleave FB (Fig. 2A). FD did not
bind C3b directly (supplemental Fig. S2), in line with previous
observations (21). TheKD of FD(S195A) binding to C3bB is 720
nM (Fig. 2B), which is in reasonable agreement with the affinity
reported previously (315 nM) (21). To determine the effect of
AFD on binding, a constant amount of FD(S195A) was pre-
mixed with a dilution series of AFD or control Ab 8E2 before
binding to C3bB was measured. AFD, but not 8E2, inhibited
binding of FD(S195A) to C3bB in a concentration-dependent
manner (Fig. 2C). Full inhibition of binding was achieved at a
�1:1 molar ratio of AFD to FD(S195A).
Crystal Structure of FD in Complex with AFD—The struc-

tures of human and cynomolgus FD in complex with AFDwere
solved at 2.4 and 2.3 Å resolution, respectively (Fig. 3A and
supplemental Fig. S3, A–C, and Table S1). The two symmetry-
related FD molecules in either of the Fab complexes superim-
posed with a root mean square deviation of 0.5 Å for the 228
common C� positions. Similarly, human FD in complex with
AFD superimposed well onto the cynomolgus FD-AFD com-
plex with a rootmean square deviation ranging from 0.5 to 0.75
Å for all C� positions, with the largest differences occurring
around the poorly ordered catalytic residue His-57 and the
inhibitory loop (residues 212–218; chymotrypsin numbering
has been used throughout this work) (supplemental Fig. S6B).
Comparison of the FD-AFD complexes with published struc-
tures of FD illustrates that no conformational changes are
required in FD to allowbinding ofAFDand that the structure of
FD in the FD-AFDcomplex is similar to the overall structures of
native FD (Protein Data Bank codes 1HFD (22) and 1DSU (23))
and diisopropyl fluorophosphate-inhibited FD (code 1DFP)
(24, 25).

FIGURE 1. AFD blocks activation of C3bB proconvertase. A, SDS-PAGE of
proconvertase formation in the presence of catalytically inactive FD
(FD(S195A)) and wild-type FD and the effects of blocking (AFD) or non-block-
ing (8E2) FD antibodies or anti-hepsin (control) Fab fragments. B, AFD fully
inhibited C3 proconvertase activation (indicated by the absence of Ba and Bb
formation) at a 1:2 molar ratio of AFD to FD. Convertase formation was meas-
ured by conversion of FB to C3Ba and C3Bb. C, AFD blocked hemolysis in an
assay selective for the alternative pathway. Maximal blockade of hemolysis
was achieved at a 1:1 molar ratio of AFD to FD.
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The FD-AFD binding interface is �20 Å away from the cat-
alytic center, and the interaction of AFD with FD does not
change the conformation of the active site pocket or of the
oxyanion hole. In the structure of cynomolgus FD (Fig. 3B and
supplemental Fig. S3C), the catalytic triad residuesHis-57,Asp-
102, and Ser-195 are in a catalytically incompetent conforma-
tion, with the side chain ofHis-57 pointing away from the active
site and the inhibitory loop (residues 212–218) adopting a non-
competent conformation as seen in the structures of free FD
(22, 23). In contrast, the inhibitory loop in human FD is rear-
ranged compared with free FD and adopts a competent confor-
mation similar to the one observed in the complex between
C3b, FB, and FD (21). However, the side chain of His-57 is
poorly defined in the electron density and was modeled in two
different conformations, only one of which is catalytically com-
petent (Fig. 3B). These differences in residues of the rather flex-
ible active site underscore the lack of an induced conformation
by binding of AFD, and it is apparent that AFD can bind the
active as well as the inactive conformation of FD.
Structural Basis forHighAffinity of AFD forHumanandCyn-

omolgus FD—The interface between FD and AFD is virtually
identical in all four complexes; we describe here the interface
between chain A of human FD and AFD. A total of 1649 Å2 of
solvent-accessible surface is buried in the interface between
human FD and AFD: 901 Å2 buried on FD, 485 Å2 on the heavy
chain (HC) of AFD, and the remaining 263Å2 on the light chain
(LC) of AFD (supplemental Table S2). AFD is in contact with
residues 129A–132, the loop spanning residues 164–178, and
Arg-223 and Lys-223A of FD (Fig. 4A). The bulk of the interac-
tion (�80% of the buried surface) is due to interactions involv-
ing the 170 loop of FD.Most prominently, the 170 loop of FD is
“sandwiched” between the LC and HC of AFD with Arg-170A
of FD deeply buried between the two chains. Arg-170A forms
numerous potential hydrogen bonds and charged interactions
with Glu-97 and Glu-99 of the HC and with Tyr-36 and Asn-34
of the LC (Fig. 4B and supplemental Fig. S4). Additional
charged interactions are formed between Lys-223A of FD and
the side chains of Asp-30, Asp-32, andAsp-92 of the LC of AFD
(Fig. 4B). The interaction betweenArg-170A and the LC as well
as HC residues in AFD likely explains the high affinity (KD � 10
pM by surface plasmon resonance) (supplemental Fig. S5,A and
B) of AFD for FD. There are nine residue differences between
human and cynomolgus FD, all of which, with one exception,
are located in regions that are distant from the AFD-binding
interface (supplemental Fig. S6, A and B). Residue 178 is the
exception, with theGlu-178 side chain of human FD engaged in
a weak hydrogen bond interaction withHCThr-28. In compar-
ison, Gln-178 of cynomolgus FD is engaged in a hydrogen bond
interaction with HC Asn-31. These minor differences likely
explain the lower affinity of AFD for cynomolgus FD compared
with human FD (supplemental Fig. S5B).
Major Steric Clash Prevents FD-AFD Binding to C3bB—Re-

cently, the crystal structure of FD bound to the proconvertase
C3bB was reported (21). In this complex, FD forms contacts
with FB in the C3bBD complex via four loops, including resi-
dues 145–149, 169–173, 185–188, and 220–224, collectively
defining the FD exosite (Fig. 5, A and B) (21). Upon binding to
C3bB, FD exhibits conformational changes that increase serine

FIGURE 2. AFD blocks binding of FD to C3bB proconvertase. A, binding of
FD to a preformed C3bB complex as shown by surface plasmon resonance. A
fixed concentration of FB (1 �M) was injected over immobilized C3b, followed
by a dilution series of enzymatically inactive FD (FD(S195A), 2-fold dilution
series of 4.0 �M to 15.6 nM). B, the binding affinity of FD for C3bB (720 nM) was
measured by detecting the response (y axis) to increasing concentrations of
FD(S195A) and a fixed concentration of FB (1 �M) flowed over immobilized
C3b. Steady-state analysis of the binding data was used to derive dissociation
constants for FD binding to C3bB. C, AFD blocked binding of FD to the C3bB
complex. Fixed concentrations of FB (1 �M) and FD(S195A) (1 �M) and increas-
ing concentrations of AFD or 8E2 were injected over immobilized C3b. The
IC50 value averaged over three separate experiments is 0.43 � 0.20 �M

(mean � S.D.) with full blockade at 0.82 � 0.18 �M, which indicates that AFD
blocks proconvertase activation at an �1:1 molar ratio of AFD to FD. R.U.,
resonance units.
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protease activity (21). These include structural changes in the
self-inhibitory loop and the flipping of the side chain of His-57
to induce an active conformation of the catalytic triad. There
are five residues in FD that establish contacts with both AFD
and C3bB: Arg-170A, Thr-170B, Asp-173, Arg-223, and Lys-
223A. Superimposition of AFD in complex with FD onto the
structure of FD bound to C3bB (C3bBD) shows that steric
clashes prevent access of FD to C3bB when bound to AFD (Fig.
5C). Hence, the structures clearly confirm the mechanism of
action by which AFD inhibits the activation of alternative path-
way convertase C3bB by FD.

DISCUSSION

Here, we have described the molecular mechanism by which
AFD, a promising therapeutic antibody, inhibits alternative
pathway complement activation. The specificity and proteo-
lytic activity of FD for its substrate FB are determined primarily
by its exosite-mediated binding to the open form of FB (21).
Upon binding of AFD to the exosite, FD is not able to cleave FB
in C3bB to generate an active C3Bb convertase and amplify the
generation of complement effector molecules in serum. AFD is
a potent inhibitor of the alternative complement pathway, and
the FD-AFD co-structure provides a molecular explanation for
AFD activity. Although the size of the surface area on FD that is
buried by AFD (901 Å) is typical for an Ab-protein interaction
(26), a key substrate-binding loop on FD is deeply buried in the
interface wedged between the AFD HC and LC, allowing for
formation of multiple hydrogen bonds and charged interac-
tions between FD and AFD. Hence, the high potency of AFD
can be explained by the high binding affinity of AFD for FD,
which is�70,000-fold higher than the binding affinity of FD for
its substrate C3bB.
AFDbinding to the exosite loopdistant from the catalytic site

can fully explain themechanism bywhichAFD inhibits proteo-

lytic activity, but not thioesterolytic activity. The fact that AFD
binding to FD increases thioesterolytic activity for a small sub-
strate indicates that subtle conformational changes may take
place in the active site configuration that cannot be defined in
the structure. An allosteric effect of AFD may explain why
human FD is partly in the active conformation in the complex
with AFD. However, interactions of FD with the open form of
FB are required to induce full activation of FD (21), and AFD
prevents any of these interactions from taking place.
Previous crystal structures of Fab-serine protease complexes

defined two distinct mechanisms by which antibodies block
catalytic activity (27). The antibodies either insert complemen-
tarity-determining region loops into the catalytic cleft to pre-
vent access of the scissile peptide (steric inhibition) or impose
structural changes at the S2–S4 sites by an allosteric mecha-
nism (27–29). Both mechanisms are competitive in nature and
result in inhibition of small synthetic as well asmacromolecular
substrate proteolysis. The mechanism identified herein is dif-
ferent in that AFD binds to the FD exosite region to inhibit
processing of the macromolecular substrate FB, but not of a
small synthetic substrate. The latter finding that AFD did not
inhibit small substrate cleavage is consistent with the absence
of conformational changes at the catalytic cleft by AFD.
Instead, AFD binds to two (170 and 220 loops) of the four FD
surface loops that define the FD exosite (21) and thereby com-
pletely prevents access of the open FB form to productively
interact with FD. Therefore, inhibition of the exosite interac-
tion by AFD defines a third molecular mechanism by which
antibodies interfere with catalysis of trypsin-like serine
proteases.
Preventing substrates from interacting productively with

complement convertases has been adopted by pathogens as a
strategy to evade complement attack. Staphylococcus aureus

FIGURE 3. Crystal structure of human FD in complex with AFD. A, the structure of one of the two FD-AFD complexes in the asymmetric unit is shown as a
ribbon diagram. FD is shown in white, and the AFD LC and HC are shown in yellow and orange, respectively. VD, variable domain; CD, constant domain. B,
close-up of the FD catalytic triad His-57, Asp-102, and Ser-195. The structures of human FD (green) and cynomolgus FD (white) are overlaid. His-57 is shown in
three different positions as found in different structures. Ser-215 of the self-inhibitory loop is also indicated.
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inhibitors SCIN-A and SCIN-B bind to a functionally impor-
tant site on C3b, entrapping the convertase in an inactive state
(30–32). The extracellular fibrinogen-binding molecule of
S. aureus acts as both an allosteric and a competitive inhibitor
by inducing conformational changes in C3b that prevent for-
mation of an active C3 convertase (33). An example of a com-
plement inhibitor that targets the substrate rather than the con-
vertase is the tickC5 inhibitorOmCI,which binds to theC345C
domain of C5, preventing interaction of C5 with its convertase
(34, 35). Steric blockade of enzyme-substrate interactions has
also been described for therapeutic inhibitors of complement
activation.Compstatin, aC3-binding peptide, sterically inhibits
formation of the complement convertases (36, 37). S77, a C3b
selective Ab, blocks alternative pathway convertase activation
by inhibiting binding of FB to C3b (38). Finally, complement
receptor CRIg inhibits complement activation by preventing
binding of C5 to the C5 convertase (17). Thus, steric inhibition
is a potent strategy to inhibit complement convertases. In sum,

this study demonstrates that a high-affinity antibody directed
to the FD exosite can block a low-affinity enzyme-substrate
interaction required for complement activation and
amplification.
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